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A considerable amount of work has been devoted particularly to the study of erythrocyte metabolism in the fava bean-and drug-induced hemolytic anemias. Observations were first made by Beutler and his co-workers (1, 2) concerning the instability and decreased content of reduced glutathione (GSH) in red cells in drug-induced anemia. Carson (3) and Gross (4) and their colleagues, and Sansone and Segni (5, 6 ) demonstrated glucose-6-phosphate dehydrogenase (G6PD) deficiency in these cells. Further work has since been done in an attempt to find a link between the genetically determined metabolic defect and the hemolytic phenomenon.
Such studies have been concerned mainly with the activity and properties of various enzymes, and some work in this field has been done also in our laboratory (7) (8) (9) (10) . In the present paper a somewhat different approach is described. Glucose metabolism in fava bean-sensitive versus normal erythrocyte suspensions has been followed by quantitatively estimating the different metabolites that arise from its consumption in vitro. On these transformations, as well as on triose phosphate oxidation by hemolyzed red cells, the action of methylene blue (Mb) has also been studied.
METHODS
Subjects. Blood was obtained from seven men and two women from Sardinia, five of whom belong to the same *This work was supported by Grant H 4586 of the United States Public Health Service. Preliminary communications concerning some of the results reported in the present paper have appeared in Boll. Soc. ital. Biol. sper. 1961, 37, 1046, 1048. family. Two of them had experienced acute hemolytic anemia (24 and 16 months ago, respectively) after fava bean ingestion. In all of them red cell G6PD was lacking, reduced glutathione was decreased, the Beutler test (2) was positive, and the reticulocyte count was normal. Normal subjects of both sexes and of approximately corresponding ages were used as controls.
Preparation of red blood cell suspensions. The blood was collected by venipuncture, and heparin added. After centrifugation the plasma and buffy coat were removed by suction, the red blood cells (RBC) were washed thrice with buffered isotonic KCl, pH 7.4, and then made up to volume. The packed cell volume was determined on this suspension by centrifuging in a hematocrit tube for 60 minutes at 1,200 X G. RBC suspensions were never completely free from leukocytes. The contamination, however, was always less than 0.05 per cent.
Hemolyzed preparations. These were prepared by treating the washed RBC with 2 vol of ice-cold water. The ghosts were removed by centrifuging for 30 minutes at 30,000 X G. The supernatant fluid was then diluted as required. All manipulations were performed at + 20 C.
Incubation and extraction. In the experiments concerning glucose metabolism in intact RBC, each reaction vessel contained, per milliliter: 10 /Amoles of glucose; 30 /Amoles of sodium phosphate buffer, pH 7.4; 0.43 ml RBC; and where required, 0.038 Ismole of Mb (unless otherwise stated). After 10 minutes' preincubation at 370 C the reaction was started by adding glucose and was incubated at the same temperature with shaking at 80 cycles per minute. At the desired intervals 2.0-ml aliquots of the mixture were added to a centrifuge tube containing 4.0 ml of ice-cold 0.15 M KCl in 0.005 M NaF and spun down at once at + 20 C. The supernatant fluid was gently aspirated, and the RBC were washed twice with the KCl-NaF solution, then hemolyzed with 4 vol of cold water, and extracted with trichloroacetic acid (10 per cent final concentration). The clear fluid obtained by filtration was neutralized with NaOH and made up to volume.
For the experiments with fructose-1,6-diphosphate (F-1,6P) the incubation mixture contained per milliter: Slater (13) with and without added aldolase. Heptose was estimated by the cysteine-H2SO4 procedure (14) ; lactic acid by the Barker method (15); and total pentose and pentose-5-phosphate by a modified Bial's reaction (16) .
Pyruvic acid was determined by means of lactate dehydrogenase (17) , whereby the quantitative oxidation of DPNH was followed spectrophotometrically and lactate formation calorimetrically. The mixture contained per milliliter: 0. For nucleotide estimation the acid extract was adsorbed on Norite A. Pentose was redetermined on the filtrate by the orcinol reaction and the values for nucleotide pentose obtained by difference.
Calculations. For experiments with intact cells the results are expressed in micromoles per milliliter of the extracellular and intracellular water. The latter was assumed to be 65 per cent of the packed cell volume (18) . The data reported are the means of nine experiments on favic subj ects and eight on controls. Six experiments were performed on hemolysates from normal and favic subjects. The mean values reported correspond to 1 ml of intact red blood cells.
Reagents. Glucose was a product of Merck and Co.; Table II . Assay mixture as in Table II . In experiments with Mb its final concentration was 3.8 X 10-5 M.
F-1,6P (sodium salt) and DPN were purchased from the Sigma Chemical Co. All enzymes used for spectro-, photometric determination were products of Biochemica Boehringer.
RESULTS
Concentration of metabolites. The data concerning concentrations of some metabolites (±+SE) in normal and favic RBC are reported in Table I . No significant difference is found between the two groups with respect to these compounds, which, determined throughout incubation, account for about 100 per cent of the carbon transformed.
Glucose metabolism by suspensions of red blood cells. Glucose uptake by normal and favic RBC suspensions at increasing concentrations of Methylene blue is shown in Figure 1 . In the absence of Mb, glucose disappearance from the medium is only slightly decreased in experiments with abnormal as compared with normal cells. When the dye is added, glucose uptake by the normal RBC increases progressively, as described by Brin and Yonemoto (19) , whereas in the favic cells a "paradoxical" inhibition is found.
On the other hand, if we turn to the intracellular glucose concentration (see Figure 2) we can see that, whereas Mb is ineffective, the initial accumulation rate of the free sugar is considerably higher in favic cells: at 30 minutes' incubation the amount is increased about fourfold. In this figure and in Tables II-VI Mb concentration was 3.8 x 10-5 M.
In striking contrast to free glucose, the concentration of G6P and F6P never increased during incubation; on the contrary, a depletion with respect to the values at zero time was often observed. Glucose phosphorylation seems therefore to be the limiting step in glucose utilization by RBC suspensions.
The data concerning free 1 and nucleotide pen- The data presented seem to give some insight suggested a possible effect of the dye on TP into the different characteristic features of glucose oxidation. This was tested on hemolyzed cells, metabolism in favic red blood cells as compared which were incubated with F-1,6P in an arsen-with normal cells. Whereas in the absence of olytic system; at given times the diester consump-Mb only a slight decrease in the sugar consumption and the TP, pyruvate, and lactate formed tion is found, addition of the dye results in defwere estimated.
initely different patterns in the two kinds of cells. The figures obtained were linear with time in In normal RBC glucose uptake increases as a each experiment. In Figure 3 the 60-minute function of Mb concentration, whereas in favic Table II. RBC not only the usual catalytic activity fails, but an inhibitory effect appears. This has been described by Tarlov (21) in RBC from primaquinesensitive subjects. These findings may be interpreted fairly simply. It has been well known for many years that Mb stimulates oxygen uptake by the red cell (22, 23) .
It can now be stated that in normal cells Mb acts as an activator of the reoxidation of reduced triphosphopyridine nucleotide, formed by G6PD and 6-phosphogluconic dehydrogenase activities; this leads to an increased oxidative formation of pentulose phosphate, which in turn is recycled to G6P via TK and TA (see reference 24) . Incomplete recovery of added carbon (owing to CO2 evolution) and higher concentrations of some metabolites (like pentose phosphate and heptulose phosphate) are consistent with this interpretation, which is in agreement with findings of other authors (19, 25) .
In favic cells the catalytic action of Mb fails, owing to lack of G6PD, and neither the synthesis of pentose and heptulose is enhanced, nor of the dehydrogenase-formed DPNH was the limiting step for TP metabolism. Three systems are known to oxidize DPNH in RBC: 1) lactic dehydrogenase, 2) glutathione reductase, and 3) methemoglobin reductase (see Figure 4) . The last is better defined as a diaphorase which may use DPNH or TPNH as hydrogen donor and methemoglobin, cytochrome C or 02 as acceptor (26) . Besides, methemoglobin reductase differs from the other two in that it is Mb-sensitive, and this could explain the action of the dye. It may be recalled here that Stumpf (27) Tables V and VI and Figure 3 , we have found accordingly that the effect of Mb appears to be much more pronounced when pyruvate rather than lactate accumulation is considered. Furthermore, other experiments (29) have indicated that DPNH and TPNH oxidation, like TP oxidation, undergoes a concentrationdependent stimulation by Mb.
The evidence presented supports the conclusion that failure of F-1,6P and TP to accumulate in the erythrocytes during glucose consumption in the presence of Mb is due to the ability of the latter to act as a carrier between DPNH and 02. Contrary to the G6PD-linked effect, this action is also found in cells from favic subjects, at a concentration of 1.2 x 10-5 M; however, it is less pronounced, presumably because of a reduced diaphorase activity (8) . As to the inhibition observed at higher dye concentrations, no explanation can be offered at the moment; we can only note that it is analogous to the effect exhibited on glucose uptake.
The 4 . In spite of lower glucose consumption, the intracellular glucose concentration throughout incubation is always higher in favic than in normal cells.
5. The results are discussed in relation to the present knowledge of favic cell metabolism and the action of methylene blue.
